IMPORTANCE Circadian rhythm disturbances occur in symptomatic Alzheimer disease (AD) and have been hypothesized to contribute to disease pathogenesis. However, it is unknown whether circadian changes occur during the presymptomatic phase of the disease.
T he circadian system, controlled by the master clock in the suprachiasmatic nucleus (SCN) of the hypothalamus, regulates 24-hour oscillations in a wide variety of biological processes, such as sleep-wake function and transcription of genes involved in metabolism, inflammation, and oxidative stress. [1] [2] [3] Accordingly, circadian rhythm disturbances are associated with increased risk of chronic diseases, such as cancer and diabetes, in humans, suggesting that proper circadian function is required for optimal health.
2,4-6 Circadian clock disruption 7 causes neuroinflammation, oxidative stress, and neuronal damage in rodents, 3, 7 suggesting that circadian dysfunction in humans could promote neurodegeneration. 8 Circadian function declines in aged animals and humans, and a variety of circadian deficits have been described in patients with symptomatic Alzheimer disease (AD) dementia. [9] [10] [11] [12] [13] [14] These include increased fragmentation of daily rhythms with increased nighttime and decreased daytime activity as well as delayed peak in daily activity (phase delay) and damped melatonin rhythms. [12] [13] [14] [15] [16] [17] Alterations in sleep timing are also observed in AD, including increased fragmentation of sleep-wake cycles. [18] [19] [20] [21] Ultimately, circadian dysfunction is a major source of morbidity for patients with AD and their caretakers and 1 of the major causes of institutionalization. 22 Thus, circadian dysfunction in AD is a serious but poorly understood phenomenon.
Longitudinal studies of AD using cerebrospinal fluid (CSF) biomarkers and amyloid positron emission tomography (PET) imaging have revealed that amyloid plaque pathology in the brain precedes symptomatic cognitive impairment by 15 to 20 years [23] [24] [25] and begins a period of progressive pathologic changes of AD without cognitive symptoms, termed preclinical AD.
26-28
Increases in CSF levels of total and phosphorylated tau protein occur closer to the onset of cognitive impairment and are thought to reflect neurodegeneration. 24, 29, 30 Circadian rhythm disturbances have been extensively described in symptomatic patients with AD with moderate to severe dementia. 13, 31, 32 To our knowledge, only a single study has examined patients with mild cognitive impariment, 33 and no previous studies have described circadian function in preclinical AD. Decreased robustness of circadian rhythms has been associated with increased risk of future dementia in an elderly cohort, while sleep fragmentation appears to impart a higher risk of subsequent AD. 34, 35 However, to our knowledge, no studies have used AD biomarkers to determine whether circadian dysfunction is present in preclinical AD, at what point circadian rhythm alterations occur in the cascade of AD pathogenesis, or whether preclinical AD pathology underlies age-related changes in circadian function. Thus, we examined circadian rest-activity rhythms and AD biomarkers in a large cohort of cognitively normal individuals, a subset of whom had preclinical AD, to elucidate the associations between circadian function, aging, and preclinical AD pathology.
Methods

Participants
All participants were research community volunteers in longitudinal studies of memory and aging at the Washington University Knight Alzheimer's Disease Research Center in St Louis, Missouri. All procedures were approved by the Washington University human research protection office. Written informed consent was obtained from each participant. Inclusion criteria included being older than 45 years, cognitively normal based on a Clinical Dementia Rating score of 0, and no abnormal movement of the nondominant arm. Clinical dementia rating was based on evaluation by experienced clinicians with expertise in dementia, including semistructured interviews with each participant and a knowledgeable collateral source. 36 Of the 205 participants enrolled in the study, 5 were excluded for insufficient actigraphy data, 3 were excluded owing to clinical dementia rating greater than 0, and 8 did not have biomarker data; therefore, 189 participants were included in the analysis.
Biomarkers
Pittsburgh Compound B (PiB) PET imaging was performed in 142 participants and was considered to be positive for amyloid deposition if mean cortical binding potential was greater than 0.18. 37 Cerebrospinal fluid was obtained by fasted lumbar puncture at 8 AM and processed as previously described.
38
Cerebrospinal fluid amyloid β 42 (Aβ42) and phosphorylated tau 181 (pTau) were measured by the Alzheimer Disease Research Center Biomarker Core using enzyme-linked immunosorbant assay (INNOTEST; Innogenetics) in 155 participants. Cutoff values for Aβ42 were 500 or 600 pg/mL, based on enzyme-linked immunosorbent assay lot. 37 Amyloid β 42 values less than the cutoff were considered to represent amyloid deposition. Biomarker data from 3 years before to 0.5 years after actigraphy recording were included. Additionally, assuming irreversibility of AD pathology, if Aβ42 or PiB PET was amyloid positive more than 3 years prior to actigraphy, participants were considered to be amyloid positive at the time of actigraphy, and if Aβ42 or PiB PET imaging was negative more than 0.5 years after actigraphy, participants were considered to be amyloid negative.
Participants were defined as amyloid negative only if all available Aβ biomarkers (both CSF Aβ42 and PiB, if available) were negative at baseline. We used these criteria to maximize sensitivity for determining amyloid pathology. One hundred
Key Points
Question Is preclinical Alzheimer disease associated with circadian rest-activity rhythm disturbances?
Findings In this cross-sectional study, preclinical Alzheimer disease, as assessed by Pittsburgh Compound B imaging or increased cerebrospinal fluid phosphorylated tau to amyloid β 42 ratio in cognitively normal participants, was associated with increased rest-activity rhythm fragmentation. Older age and male sex were also associated with increased fragmentation and decreased amplitude of rest-activity rhythm, independent of Alzheimer disease pathology.
Meaning Disturbances of the rest-activity rhythm are present in preclinical Alzheimer disease, even after accounting for effects of aging and sex, demonstrating that circadian dysfunction occurs very early in the course of Alzheimer disease and precedes cognitive symptom onset.
thirty-nine of 189 participants (74%) had no positive amyloid biomarkers (both PiB and CSF were negative if available). For the purposes of determining the effect of amyloid pathology on circadian variables, we used only PiB to define amyloid positivity, not CSF Aβ42, because PiB-positive (PiB+) imaging is more specific and detects fibrillar amyloid plaques. 39 Finally, for the purposes of assessing the effect of AD-related neurodegeneration, we used the CSF pTau to Aβ42 ratio as a continuous measure because this ratio is a specific biomarker of preclinical AD and predicts conversion to symptomatic AD.
40-42
APOE genotype was determined by the Knight Alzheimer's Disease Research Center Genetics Core using quantitative polymerase chain reaction. Genotype was dichotomized as APOE ε4 carrier (heterozygote or homozygote) or noncarrier.
Circadian Rest-Activity Data
Rest-activity data were collected with a wrist-mounted actigraph (Actiwatch2; Philips Respironics) for 7 to 14 days in participants' usual home setting. Participants were instructed to push a time stamp button on the side of the watch at bedtime and waketime and to complete a sleep diary each morning. Details of actigraphy data collection and analysis are in the eAppendix of the Supplement.
We tested several circadian analytic methods, as described in the subsequent paragraphs. We selected key variables for amplitude (the difference in magnitude of activity between active and rest phases), phase, robustness (how well the data fit a predicted pattern), and fragmentation (how scattered activity is across the 24-hour day). We used 3 different analysis methods.
Cosinor Analysis
The cosinor method fits a cosine function to the data and was derived using ClockLab, version 6.0.24 (Actimetrics). Mesor is a measure of amplitude; acrophase refers to time of peak activity and measures phase; and F, a statistic representing how well the data match the cosine function, is a measure of robustness.
Nonparametric Analysis
This method does not fit a mathematical function to the data but instead is based on raw activity counts. 11, 43 Rest periods were manually defined as the times between mean bedtime and waketime, and active periods were defined as periods between adjacent rest periods. Alphacount, the mean activity count during active periods, was the primary measure of amplitude. Intradaily variability (IV) represents how consolidated the rest-activity rhythm is within each 24-hour period. The lowest possible IV results occur when there is 1 continuous period of high activity and 1 continuous period of low/no activity during the 24-hour period; higher IV indicates more fragmentation of the rest-activity pattern. 11, 43, 44 Interdaily stability (IS), which measures how similar one 24-hour period is to the next, was another measure of robustness; higher values indicate more day-to-day stability.
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Empirical Mode Decomposition
The empirical mode decomposition (EMD) algorithm with a masking procedure 45, 46 was used to derive circadian amplitude (EMD amplitude) and period length (EMD period) using custom Matlab (IBM) scripts shared by the original authors. The EMD method does not make assumptions about the shape of the rest-activity rhythm and fits a curve to periodic data, given an approximate period (in this case, 24 hours).
Statistical Analysis
All continuous variables were examined for normal distribution by Kolmogorov-Smirnov test and visual inspection of histograms. Because pTau to Aβ42 ratio was not normally distributed, it was log transformed prior to using parametric methods. To compare variables between 2 groups, we used unpaired Student t tests for normally distributed continuous variables, Mann-Whitney U tests for nonnormally distributed continuous variables, and χ 2 tests for categorical variables.
Multivariate linear regressions were performed with circadian variable as the dependent variable, and age, sex, and either PiB status or log[pTau:Aβ42 ratio] as predictor variables were entered step-wise in this order. APOE genotype was not included in multivariate regressions because it was not found to have any significant effect on circadian variables on its own. For all tests, 2-sided tests were used, with α less than .05. All statistical analyses were performed using SPSS Statistics, version 24 (IBM).
Results
Demographics
Of 189 participants, 139 (74%) were amyloid negative. Overall, the participants were mostly women (64% 
Influences of Age and Sex on Circadian Function Independent of Cerebral Amyloid Pathology
We examined the effect of age, sex, and APOE genotype on circadian function. When all participants were examined, increasing age was associated with decreased circadian amplitude by all tested measures (mesor [β = −.246; P = .001], alphacount [β = −.272; P < .001], and EMD amplitude [β = −.186; P = .01]). Older age was also associated with advanced phase (acrophase [β = −.149; P = .04]) and increased daily fragmentation as measured by IV (β = .212; P = .003) but more consistent day-to-day pattern by higher IS (β = .143; P = .05) ( Table 2) . To isolate the circadian changes of aging from any effect of AD pathology, we examined only amyloidnegative participants. In the absence of amyloid pathology, increasing age was again associated with decreased There were no significant differences in any circadian variables between APOE-ε4 carriers and noncarriers. Therefore, APOE genotype was not included as a covariate in multivariate analyses to preserve degrees of freedom.
Association of Preclinical Amyloid Plaque Pathology With Circadian Dysfunction
To examine the effect of amyloid pathology on circadian variables, we compared only PiB+ participants (n = 26) with PiB− participants (n = 116) because PiB is the most specific marker for fibrillar amyloid plaques. 47 After adjusting for age and sex, loid plaque pathology was therefore associated with more fragmented circadian rhythm but with no negative effect on amplitude, day-to-day stability, or phase.
Association of Increased CSF pTau to Aβ42 Ratio With Circadian Fragmentation in Preclinical AD
Increased CSF pTau to Aβ42 ratio is a sensitive and specific marker of AD-related neurodegeneration, indicating both neuronal injury (elevated pTau) and amyloid deposition (decreased Aβ42). [40] [41] [42] Owing to the relatively small number of amyloid-positive and/or tau-positive individuals when applying a dichotomous approach with biomarker cutoffs, we examined the pTau to Aβ42 ratio as a continuous variable as it relates to circadian function in all participants with CSF biomarkers (n = 148). After adjusting for sex and age, increasing pTau to Aβ42 ratio (indicating more AD pathology) was associated with increasing circadian fragmentation as measured by IV (β = .231; P = .008) (Figure 2 ). Other circadian variables had no significant association with pTau to Aβ42 ratio (eTable 1intheSupplement).
Correlation of Circadian Fragmentation With Other Sleep Variables
We next examined the association between circadian end points and sleep-related variables calculated from both actigraphy data and sleep diaries. Previous analysis of sleep vari- Magnitudes and P values of age effects are listed in Table 2 . Magnitudes (in standardized β format) and P values for the effect of female sex on circadian variables (adjusting for age) are mesor, β = .292, P < .001; alphacount, β = .287, P = .001; empirical mode decomposition (EMD) amplitude, β = .226, P = .04; fragmentation, β=−. 170,P = .04; interdaily stability, β=.320,P < .001; acrophase, β = .048, P = .16; cosinor F (goodness of fit, not shown), β = .233, P =.007; and EMD period (not shown), β = .035, P =.67 .
a Age is a significant predictor of a circadian variable.
b Sex is a significant predictor of a circadian variable after adjusting for age.
ables in a subset of this same cohort showed associations between decreased sleep efficiency and increased naps per week with preclinical amyloid pathology. 48 While several circadian measures were correlated with various measures of sleep timing (eTable 2 in the Supplement), there was no correlation between sleep efficiency and any circadian variables. Circadian fragmentation (IV) did not correlate with any nocturnal sleep variables, although there was a significant correlation between number of naps and circadian fragmentation (r = 0.152; P = .04), suggesting that disrupted daytime rest-activity patterns may indicate preclinical AD.
Discussion
We found that disturbances of rest-activity rhythm are present in preclinical AD, even after accounting for effects of aging and sex, demonstrating that circadian fragmentation occurs very early in the course of AD pathogenesis and precedes cognitive symptom onset. When individuals with preclinical AD were excluded, increasing age was still associated with decreased circadian amplitude and increased fragmentation but not with advanced phase. The presence of amyloid plaques was associated with further increases in fragmentation, even after adjusting for age and sex. Lastly, increasing AD-related neurodegeneration, as measured by the CSF pTau to Aβ42 ratio, was associated with further fragmentation of circadian restactivity rhythms. Altogether, our data suggest that aging and preclinical AD pathology have separate and additive negative effects on circadian rhythm fragmentation. Advancing age has been associated with declining circadian function, both in rodents and humans, although the mechanisms remain unknown. 9, 46, 49 While the prevalence of preclinical AD pathology increases dramatically with age, 23 we found that increasing age was significantly associated with diminished amplitude and increased fragmentation of daily rhythms, even in the absence of preclinical AD (Table 2) . Similarly, preclinical amyloid pathology was significantly associated with further circadian fragmentation, independent of age, but did not induce declines in amplitude (Table 3 and Figure 2 ). Thus, our results suggest that aging and AD pathology each separately drive circadian dysfunction, with both contributing to increased fragmentation. Mechanistically, loss of vasoactive intestinal peptide-expressing neurons in the SCN, which are critical to circadian pacemaking, 50 56 have been described in symptomatic AD and could potentially influence our findings, although it is unknown whether these are present in our otherwise healthy preclinical cohort. In mice, aging itself is associated with diminished neuronal synchronization in the SCN, leading to less robust electrical output. 9 The longevityassociated deacetylase sirtuin 1 also may maintain clock gene expression in the SCN, with age-related declines in sirtuin 1 leading to circadian disruption. 57 Thus, multiple potential mechanisms could explain the circadian dysfunction in preclinical AD, but, to our knowledge, none have been evaluated. Our results add important context to 2 previous studies that suggested that circadian alterations may precede symptom onset in AD. 34, 35 Tranah et al 34 performed cosinor analysis on actigraphy data from cognitively normal elderly women and found that decreased amplitude, decreased robustness, and phase delay were all associated with increased future risk of developing cognitive impairment. 34 However, no biomarkers, detailed cognitive analysis, or pathology were examined in this study to assess any contribution of preclinical AD to circadian changes. Lim et al 35 developed a sleep fragmentation index (K ra ), and found that dementia was more likely to develop in cognitively normal people with the worst K ra values, although this is not a true circadian end point. 35 Considering the advanced age (mean older than 80 years) of the participants in both studies and the prevalence of preclinical AD with aging, 30% to 40% of participants likely had preclinical AD, 23 suggesting that preclinical pathology could have contributed to the circadian and sleep dysfunction observed in these studies. Among the several circadian end points examined, we found that the nonparametric IV index was most consistently sensitive to both aging and AD pathology. Intradaily variability was designed to detect fragmentation of restactivity rhythm, suggestive of more periods of daytime rest (or sleep) and increased nighttime activity (or wake).
11 Intradaily variability is elevated in patients with symptomatic AD 11 and was found to be more sensitive for detecting circadian changes in patients with AD than other methods, presumably owing to the nonsinusoidal nature of rest-activity rhythms. 43 Additionally, we note that in a previously reported overlapping cohort, 48 amyloid deposition as assessed by CSF Aβ42 was associated with worse actigraphically measured sleep efficiency at night and increased reported napping frequency during the daytime
48
; the combination of the 2 are consistent with increased IV identified in this study. Accordingly, we found a positive correlation between napping frequency and IV. Our finding that IV correlates with increasing pTau to Aβ42 ratio suggests the IV might warrant further investigation as a noninvasive biomarker of disease progression in preclinical AD.
We also observed that IS, a marker of the consistency of rhythms day-to-day, 11 increased with age and in PiB+ individuals. Intradaily stability has previously been found to increase with aging, possibly indicating voluntary adherence to a more rigid day-to-day routine. 58 Finally, other groups have observed phase delays in patients with symptomatic AD and in mild cognitive impairment. 13, 33, 59 We observed that increasing age altered phase only when considering both amyloidpositive and amyloid-negative participants (Table 2 ), suggesting that age and amyloid status may interact to influence phase. This study has several strengths. First, to our knowledge, it is the only study to incorporate both circadian measures and AD biomarkers (both CSF and PiB PET imaging). Second, the cohort is large, and the detailed annual clinical assessments and clinical dementia ratings of all participants through the Knight Alzheimer's Disease Research Center ensured consistent phenotyping. Third, actigraphy was collected for 14 days in combination with sleep diaries, providing excellent source data for analyses, and we performed a careful manual selection of 7 days' valid data for each participant to avoid confounding or skewing effects of data quantity (duration actigraphs were worn) and missing data (when actigraphs were not worn). Finally, we have used 3 distinct circadian analysis methods because each method has its own strengths and weaknesses.
Limitations
There are some shortcomings of our approach. We cannot exclude the possibility that the age-or sex-related circadian changes observed in the amyloid-negative group are caused by nonamyloid pathologies, which are commonly seen in the aged brain. 60 We did not have information on medications and comorbidities, specifically sleep disorders. Sleep apnea in particular was not assessed, although it is common and may influence amyloid burden. 61 Finally, noncircadian factors, such as voluntary exercise, can influence rest-activity measurements. Replication using other circadian parameters (such as core body temperature) could be considered to confirm our findings.
Conclusions
Accumulating evidence supports the hypothesis that circadian clock dysfunction could promote neurodegeneration and perhaps contribute to AD pathogenesis. 8 Circadian disruption in mice causes loss of dendritic arborization and impaired hippocampal neurogenesis, 7, 62, 63 while genetic perturbation of the core clock causes astrogliosis, synaptic degeneration, and neuronal oxidative damage. 3 Furthermore, circadian dysfunction could adversely influence sleep, which appears to independently promote amyloid deposition and neurodegeneration. [64] [65] [66] [67] [68] Our findings suggest that circadian dysfunction could contribute to the earliest stages of AD pathogenesis, and that understanding this association could open the door to new diagnostic and therapeutic strategies.
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